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The result6 of a free-jet   fnvesti@Aan conducted in the NUX 
Lewis al t i tude Kfnd tunnel to determine the internal performance 
of' a 16-Inch ram Jet are pesented an8 diecussed. D a t a  were obtained 
at al t i tudes between 30,OOO and 41,000 f ee t  and at Mach numbers 
of 1.35, 1.50, and 1.73. A single-oblique-shock spike diff,user 
with no internal contrsctian was employed. Special features 
of the engine were remotely adjnstable spike-tip projection, fuel- 
fnjector radial position, and exit-nozzle outlet area. 

t Two f h e  holders were investigated and both indicated a -ked 

'4 chamber, a bl&d bg volume of 50-percent g380line and 50-percent 

dependeace an the radial posi t i& of the fue l  h j e c t m  for satis- 
factory operation. Under condftions of l o w  pressure in the cozibuetion 

propylene oxide appeared t o  be a superior fuel t o  gasoline m e .  

mch 
number 

l4?&.mUm 
thrust 

coefficient 

0.61 
64 
67 
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Although eubaritical pulsing of low amplitude waa encountered, 
litt3.e effect an dif fuser  pressure recovery was observed. Similecr  
preeerure recoveries were obtained under cold-flow and burning c m -  
tiitlane.  Close agreement was obtained between the frequencies 
detgllmined. from high-speed motian pictures of the ahock movement 
and from inetantaneoua recorda of the etatic  pressure at the 
combustion-chamber inlet . 

A free-jet investigation of a 16-inch ram Jet with a supersonic 
in l e t  has been conducted in  the Lewis a l t i tude wdnd tunnel. 
Previous ram-jet Internal-flow studies in th i s   f ac i l i t y  were =de 
by the cormeoted-pipe technique described in references 1 to 3, 
and QR engines having Qnly a aubsonic di f fueer .  The f ree- je t  
teuhnique, however, permits iwest igat ian of the internal flow 
through the comglete englne at conditims  cloeely  simulating free 
flight . 

Engine performance at  zero angle of attack was investigated 
a t  altitudes from 30,000 t o  41,000 feet and at Mch numbera 
of 1.35, 1.50, and 1.73. D s t a  were obtained with two fuels, gas- 
o l h e  and a blend by volume of 50-percmt gasollne and 50-percent 
propylene  oxide. D i f f u s e r ,  combustion-chamber, and over-all engine 
perfommaxe are presented for the two burner cd igura t i ana  invee- 
tigated.  Representative &adowgraph still and high-speed motion 
pictures of the air  flow about the engine inlet are also included. 

A schematic  layout of the altitude-wind-tunnel free-jet fac i l -  
i t y  and a photograph of tple 16-inch ram-jet inetebllatian are shown 
In figures 1 and 2, respectively. A i r  ie drawn in from the atmoe- 
phere at essentially  sea-level pressure, directed through an air 
dryer t o  lower the dew pofnt (preventing condenmtion in the 
aupersanic nozzle), and then through 811 air heater t o  mise t h e  air 
temperature t o  the stagnation temperature of the stmulated flight 
condition. A throt t le  valve in the air line is used to set the 
proper preaeure mtio acroes the supersonic nozzle. 

Three supersonic  nozzle8 w e r e  employed i n  t h i a  investigation, 
each w i t h  an out le t  diameter of 1 2  inches. On the basis of 
preliminary surveys of the free- je t  flow, the following engine 
locatitme were aelected: 

B 
tr) 
r-l 
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t o  dfffuaer l i p  

The difftwer w a ~  made of mild stee l ,  whereae the mter-cooled 
combusticpl chamber and the nozzle  sectinns vere constructed of 
Inconel . 

A vortex  pilot, buil t  into the dowmtream end of the diffuser 
center body and eimilar to that wed with the engine described in 
reference 3, provided a continuous aou~ce of ignitian. Ab? entewed 
duct inlets i n  two of t h e  center-body rear srrpport struts and m s  
discharged lato the p i lo t  r?hamber. Propylene o-de was intrcduced 
-5hrough a single commercial sprag nozzle &nd the air-fuel mixlxre 
ignited with a standard turbojet spark plug. 

A water-cooled plug (deecribed in reference 5) that could be 
moved axially dur ing  eng3ne operation W B  used h conjunctfon with a 
converging 13.75-inch-diaeter  outlet  nozzle and e v e  a variatian 
in nozzle-outlet area of 51 t o  74 percent of the combustian-chamber 
area. (At all plug positfans t he  miniErm area wa8 at the nozzle 
outlet  . ) 
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segaents of 6-inch radius and attached t o  the d e  of four r a d i a l l y  
admtable supply lines. Each segment of the orif ice  injector had 
a total of 25 equally spaced nlzmber 70 drill orifices. Every a i r d  
orifice  injected radially inward asd the others were directed 
upstream. Each spray-nozzle injector Begmmt was f i t t e d  with four 
threaded adapters into which were screwed commercial spray nozzles 
rated at  W @.lions per hour a t  100 pounds per s q w e  inch fuel 
pressure. The nozzles were  modified externaUy t o  reduce the i r  
frontal &rea, and their s p y  u&s directed upstre3m. 

Except When otherwise noted, the data presented were obtained 
with the orifice  injector.  

The flame holders  investi@ted were the rake (fig.  7), PLnd the 
serrated aMular baffle (fig. 81, whioh were located 17 inches 
downs.i;reeun of the fue l  injector. Ccmnected-pipe results previously 
obtained with these burner canfigurations are reported i n  reference 4. 

In order to obtain dif fuser  performince under cold-flow cm- 
ditions, the momentum pressure drop due t o  combustica was simulated 
by substituting an orif ice   plat8 for the exhaust nozzle. By posi- 
tioning the nozzle plug, t h e  mass air  flow through the engine could 
be varied f r o m  approximtely zero to the crltical value. 

Obeemtiaae of t he  flow about the engine inlet were =de with 
the ebadowgraph system sketched in  figure 9 .  Both high-speed motion 
pfctures asd still. pictures were taken. 

The f luc t aa t im  of the total asd static pressures at statim x 
(fig. 3) was determined ~ l t h  a commercial strain-e;age-type pressure 
pickup. The output of the pickup uas amglified and permanenV 
recorded. on a strip chart. 

TWJ R r e b  m e  used in inves t i s t ian :  gasoline (AN-F-48b), 
and a mixture by  volume of 50-peroent @soline and 50-percenrt progylane 
oxide In both cases the f u e l  flow m e  measured with a rota&ter. 
Except where otherwise noted, the data reported are  f o r  gasoline. 

PROCEDURE 

Inasmuch a s  the total-pressure 106s across the free-jet nozzle 
wae negligible, it was assumed that the preseure recovery a c r o ~ s  the 
supersonic porticq of the diffueer could be evaluated from total- 
pressure measurements at t h e  nozzle inlet  and at etat ian y ( f ig .  3) 
i n  the engine. The subeonic-diffuser pressure recovery and the 
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air flow t h r o w  the engine wem evaluated from additional  pressure 
measurements at statione 3 and x ,  respectively-  Jet  thruet was cal- 
culated from tail-rake pressure data, the accuracy of which was checked 
by the twinel ecales during the connected-pipe  phase of this  inves- 
ti-tion  (reference 4) .  The calculation methods employed a r e  outlined 
in references 1 and 2. No evaluation was made of external drag 
resulting from air spillage around the inlet. Stat ic   or i f ices  were 
located along the spike,  the diffuser center M y ,  the outer body of 
the diffuser, and the combustian chamber. 

Combustion efficiency  values quoted are based on the mthlpy  
r i s e  in the g%s flowing through the engine plus the  heat l o s t  t o  
cooling water as ccpnpared uith the energy hput  based on t h e  lower 
heating  value of the fuel. 

The ,values of combustion-chauiber-Met velocity and Mach nun- 
ber a r e  based an the aMular cmbwt fon-chamber - i t  area, which 
is approximately 87 percent of the engine frontal mea. The net- 
thrust coefficient is based on an engine frontal 8x88 16 inches 
in diameter. 

Free-stream Mach nunibers were conq?uted from the angle of the 
oblique ahock generated by t;he spike. The pressure r a t i o  required 
8cros8 t h e  free-jet nozzle was obtained by f i r a t  setting the t e s t -  
section altitude a t  the  desired value and. then adjusting the total 
pressure at  the nozzle inlet  to the proper value. 

Burning was initiated by first reducing the angFne outlet area 
to t h e  minimum va lue  and ignit ing the pilot   fuel .  The main fue l  
supply was then in-tzoduced and the outlet area increaeed to the 
deeired value. Pi lo t  burning wa8 Ilraintained during engine operation 
with t he  s p k  off at  a fuel flow of 12.5 gallons per hour. UFder 
ertreme conditions where it was not possible to li&t t h e  pi lo t  and 
then the burner bg the method described, it was necessary t o  igni te  
t he  engine before  aetting up t h e  deafred pressure ratio across the 
free- j e t  nozzle. 

A t  each of the three free-stream Mach numbers and in some cases 
at several   al t i tudes f o r  the aante free-stream Mach number, the fuel-  
air r a t i o  range and blow-out lfmits were determFned a t  several engine- 
outlet   area^. The total temperature of the free- jet was adjusted to 
correspond t o  the t e s t  altitude asd free-stream mch number. At 
each free-stream a c h  number, the spike was positioned  to cause the 
oblique ahock it generated to  intercept the l i p  of the inlet a t  the 
design  condition. Data were also obtained with the spike a t  off- 
design positions. 



At each fue l -a i r  ratio, t h e  Injector position that resulted in 
the lowest  combustion-chamber-inlet Mach number was considered 
optimum, because it gave t h e  highest  value  of  combustion-chamber 
temperature  ratio.  Thie  optimum  radial  fuel-injector  poeition was 
selected  for each burner configuraticm and held  fixed over moet 
of the operable fuel-air  ratio range. Where t h e  blow-out  limits 
could be extended by claanging t he  fuel-injection radius, t h e  result6 
a r e  reported. In general, t h e  same fuel-injecticm  radius was optimum 
over most of t h e  operable range. 

SYMBOLS 

The following eymbols a r e  used in t h i e  report : 

cross-sectional area, square feet 

net thrust  coefficient, 2Fn 

7op84M: 

equivalence ratio,  ratio of actual f/a to stoichiometric f/a 

net thruet, pounds 

fuel-air r a t i o  

Mach number 

t o t a l  pressure, pounds per square foot absdlute 

static pressure, pounds per square foot &b80lUte 

static temperature, OF 

Wf/Fn net  thrust  specific fuel consumption, pound8 fuel  per hour 
per pound of  thrust 

CP. 
Kl 
r, 
.-I 

P 

7 r a t io  of  specffic  beat at constant pressure to  specific 
heat a t  constant volume 
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% combustion efficiency, percent 
k 

I-J 

0, 

t ratio of absolute total temperature at eXhauet-nozzle outlet 
Y to absolute total temperature at combustfan-chamber met 

Subscripts (refer to fig. 3): 

0 free-stream cmditlan 

1 supersonfc-diffuser inlet 

2 8ubsonic-diffuser inlet (by definition) 

3 diffuser outlet and combustfan-chamber i&et 

4 combus tian chamber 

5 combustim-chamber outlet 

6 nozzle out le t  

8 spike 

i Y survey s t a t i m  for subsonic diffnser inlet 

Over the range of ccmi3ustfon-charQber-inlet &ch numbers Fnvea- 
t i s t e d ,  the total-preesure losses acro8s t h e  rake and serrated 
annular baffle flame holders were 1.5 and 2.25 times the cmbuation- 
chmiber-Fnlet dynamic preeeure, respectively. 

Rake Flame Holder  

Parformance a t  MEL& nuniber of 1-35 and altitude of 30,000 feet. - 
Ibgine performance with t h e  rake flams holder ie presented in f ig-  
ure 10 and I s  8 n i z e d  in table II. A t  %=1335 (fig. lo(&)), the 

tunnel preaeure altitude was set  a t  30,W feet: and the j e t  t o t a l  
t-erature wae adjusted t o  100' &loo F. A t  fuel-air =ti08 richer 
than 0.045, the data w e r e  obtahed vith a fuel-injection radius of 
5.94 inches. la order to operate at fuel-air ra t io8  leaner than 
0.045, the fuel-injection radius was reduced to 5.62 inches. 

2. 
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Results are  presented for outlet-area ratios A ~ / A ~  of 0.739, 
0.676, 0.650, and 0.600. The lnlet operated . i n  the eubcrit lcal  
region at a l l  times, and resulted In a combined subsonic and super- 
sonic diffuser total-pressure recovery between 97 and 98 percent. 

A s  expected, the combustian-chamber-Met bkch number M3 
roae as the engine-outlet area was increased. Over the range of 
f'uel-air r a t i o  f/a and As/A4 Fnvestisted, howmer, the  varia- 
t ion was  mall en0ug.b that the conibuatim-chamber-fnlet e t a t i c  pres- 
eure p3 remained relatively  cmstetnt at  .1770 *lo p m d e  per square 

foot  absolute- The ef fec t  of outlet area on gaa total-temperature 
r a t i o  T, thrust coefficient C p J  combustion efficiency qb, 
and specific  fuel cansumptian Wf/F,, however, i e  more complex. 
Although the operable f /a range of 0.041 to 0.076 W&B es8entialJ.y 
the same for all four outlet-area ra t ios ,  the largest As/A4 of 
0.739 gave lowest values of' combustian efficiency due t o  t h e  higher 
M3 valuea- A t  the other three outlet-area ratios, the combuatian 
efficiencies were approxilnately the same for fuel-air  ratios below 
0.052. A t  richer values, however, the combustim efficiency f e l l  
s l i g h t u  as the noezle-outlet area waa prosessively  increased. 

Between fuel-air ratios of 0.041 and 0.060, the combustion 
efficient$ with each out le t  area was relat ively canatant. Com- 
bustion  efficiency decreased at  richer value6 with a correapanding 
leveling off and decrease in t h e  value of 7. Peak combustion 
efficiencies were in the order of 7 8  percent (M330.17) and peak 
7 BaluesJ 5.8. 

Although the ~ ~ r i m u m  T WZIE attained with the slIlallest ou t le t - .  
m a  r a t i o  As/A4 = 0.600, the low rmss air flow through t h e  englne 

with t h i s  outlet wee gave thrust coefficients % below thoee 
resulting with the. larger outlet a r e a s .  The thrust   coefficients 
obtained with t he  three large outlet -areas   differed odly alfghtly.  
The nraximwn value of % m e  0.61 and occurred near the stoichiometric 
fuel-air  mixture.  Increases in  f /a to  r ich  blow-out resulted In no 
change in CF, whereas decreases in  f/a below stoichiometric were 
accompanied by a gradual reduction i n  %. 

L 

9 
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thrust and wae obtained &t f /a = 0.066 and As/A4 = 0.676- This 
thrust CoeffFcient could be obtained less e c a n o m l c a ~  by operatine: 
at a richer f/a ' or with a larger outlet  area. Thw, for 
thruat at % = 1.35 and an alt l tude of 30,000 feet ,  the most 

and f/a below the &mum values at w M c h  the englne could be 
operated. 

e C O Z l O U l i d  h-1 engine performance Was O b b & l e d  a t  &z1 &/A4 

Pkfommce  at &ch number of 1.50 and a l t i tude  of 35,000 feet .  - 
The total temperature of the afr was set a t  U O 0  *loo I?. At outlet-  
8r68 ra t ios  of 0.739, 0.676, and 0.600, data w e r e  obtained with a 
fuel-injection  radius of 5.94 inches, whereae at area ra t ios  of 
0-550 and 0.512, data were obtained at a fuel FnJectian radius of 
6.32 taches. Increasing t he  injecticm  radiue extended the lean 
blow-out limit (pig. 10(b)).  Thia exbermion of the lean blow-out 
liudt -8 accompanied by a sharp drop in the coinbustion efficiency 
and a marked r i s e  in W,/Fn. 

9 

Except f o r  conditions at f/a = 0.033, which corresponded t o  
critical diffuser oseration, all data, presented are for  operation in 
the subcrit ical  region. The combined subsonic and supersonic total- 
pressure recoveriee  varied between 9 1  and 93-5 percent, and resulted 
in combustion-chamber-Met static  pressures between 1620 and 1610 
pounds per square foot absolute. AB expected, the values of % 
increased with f/a and decreased progressively as the  nozzle-outlet 
area was reduced. The range of inlet mch numbers over which the 
combustian chamber was operated extended f r o m  0.133 t o  0.201. 

Although the mxirmua cambustion efffciencies  occurred at and 
below the stoichiometric mixture, peak values of 7 were obtained 
abwe %e stoichiometrfc f /a. Minimum thrust specific fuel con- 
sumptian, however, resulted at fuel-air ra t ios  near 0.05. The 
complex relatian between engine performnce and engine configuration 
is as in  maphasfzed by theee data. Although essentially th0 same 
CF values are obtained with A6/A4 of 0.739 and 0.676, because of 
higher combuatian efficiencies the thrust  specific fuel consumptione 
are  lower with t h e  amsl le r  outlet .  At the maximum thrust coefficient 
(CF=0-64) obtainable with either of these area ratios, the minimum 

Wf/F, wae 4.3 pounds per' hour per pound of thrust. Dropping the 



Perfomance a t  W c h  number of 1.73 and 8l t i tude  of 41,OOO fee t .  - 
Engine performance a t  a f ree- je t  mch number of 1.73 was determined 
a t   an a l t i tude  of 41,000 feet-and a free-stream total temperature of 
160' &loo F (fig. lO(c)). Data are  presented for  outlet-area ratios 
of 0.739, 0.676, 0.600, 0.550, and at a fuel-inJectfon radlua of 
5.94 Inches. 

. Diffuser total-pressure recovary is more sensit ive  to of f -  
des i a  operation a t  this Mach nmiber than at  ei ther  1.35 or 1.50. 
The peak combFned subsonic and supersonic total-pressure recovery 
was etpproxlmately 88 percent, whereas the lowest measured recovery 
m a  85 percent. . 

Both t h e  thrust coefficient M3 increaeed as the outlet area 
Increased. The rraxAmum thrust qoeff  icient (0.67 ) wae ob*ined with 
the largest outlet-area  ratio a t  f/a of 0.065. At W e  conditian, 
Wf/Fn was 3.7, T W&B 4.6, and M3 WBB 0.185. A s l igh t  decrease 
Fn f /a t o  0 . E 8  lowered CF s l igh t ly  to 0 -66 and reduced the 
thrust   specific fuel consumption t o  3.5. Both t h e  peak CF value 
and the minimum W&', value (3.2) were obtained with a diffuser 
pressure recovery of spproxinrately 88 percent. 

At this a l t i tude  eaad Mach number, the highest value of CF 
W E ~ B  obtained with the largest outlet  area investigated and a t  a value 
of W~/F, not sea- different than wtth the s-er out le t  area. 

Performme  coqparison a t  mch numbers of 1.35, 1.50, an& 1.73. - 
Analysis of fQ"e 10 and the tabulated data in table I1 indicates 

.. 

that-the operable fuel-air r a t i o  range was some.crhat lees  a t  % = 1.73 
than a t  either 1.35 or 1.50. Maximum engine performance (from 
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Effect of Fuel Injector on Burner P e r f o m c e  

A comparison of the combustiop-chamber performmce a t  % = 1.35 
with t h e  rake flame holder and two different fuel  Injectors,  t h e  
spray  nozzle (fig. 6 )  and the orifice  injector  (f ig.  5), is given 
in figure 12. The data were obtained at = 1.35 with a blend 
by volume of 5O-hercent gasoline and 50-percent  propylene oxtde as 
fuel.  Beet operation with the spray-nozzle injector was obtained 
at a fuel-injection  radius of 5.12 lachee, whereas with the or i f ice  
lnjector best  operation  remlted at a fuel-injection  radius of 
5.94 inches. 

Results with the spray-nozzle injector are  shown in figure =(a) 
at two outlet-area  ratiofl and CWO altitudes. A t  an a l t i tude  of 
35,000 f e e t  and an outlet-area ratio of 0.676, the operable f/a 
range was from 0.031 t o  0.057. (me  etoichiometric f/a of 0.081 
fo r  the fuel wed m s  wel l .  above the r ich  limit of 0.057.) The 
peak combustion efficiency of 75.4 percent  occurred near the r ich  
blow-out. When the altitude w&s ra ised  to  40,OOO fee t ,  the inlet 
air  was throt t led to maintain the same pressure  ratio  across the 
supersonic nozzle and p3 dropped from approximately 1400 pounds 
per equare foot  absolute t o  approximately 1100 pounds per   quare  
foot absolute. The opemble fuel-air ratio range m e  reduced at 
t h i s  lowered pressure. 

Similar data are  presented in figme 12(b) for the orifice 
injector. For purposes of comparison, t h e  curve at  35,000 f e e t  
and an outlet-area  ratio of 0.676 for the #pray-nozele injector is 
slso shown. Although the fuel-air-ratio range with t h e  or i f ice  
injector WELE narrower than with the spray-nozzle injector, it 
ertended to  richer f u e l a i r  ratios. Inebsmch as t h e  peak combustian 
efficiency was 81 percmt, greater valuee of T could be obtained 
with the orif ice   injector  than uith the sprety-nozzle injector. For 
operation  over a wider range of 7, h m e r ,  the spray-nozzle 
injector should be used. Similar reerults were obtained in the 
connected-pipe phage of the investigation of thie engine (refer- 
eace 4). 

Effect of Propylene Oxide on 
Burner Performance 

The effect  an burner performnce of using a8 a fuel a 50-percent 
mixture by volume of e e o l i n e  and propylene oxide inetead of gea- 
oline alane is surmaarized in figure 13. The investi”tJ.on wae made 
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a t  % = 1.35 and with t5e orif ice  fuel injector. In order to 
f ac i l i t a t e  comparieon between gaeoline and the blend, the date. =e 
plotted a8 a function of equivalence r a t i o  X, that is, the  r a t i o  
of the actual fuel-air r a t i o  t o  the stoichiometric  f'uel-air r a t io .  

\ 

P Y 
m The stoichiometric f /a is 0 -06'7 fo r  gasoline and 0.081 for the 

blend 

13 

Although the operable equivalence-ratio range is  approximately 
qual for both fuels, the blend operated a t  leehner absolute values . 
The peak cambustian efficiency obtained with the blended fuel m e  
81 percent (E = 0.67), whereas the peak attained with gasoline was 
crnly 73 percent (E = 0 8 1 )  . A maximum 7 value of 5 . 2 was attained 
with both fuele. At the peak T, a slightly lower Wf/Fn resulted 
with t h e  blend (4.0 lb fuel/(br)(lb thrust)) than with gasolhe 
because of the lower fuel-flaw r a t e  required (lower E). A t  a given 
value of E, in spite of higher qb with the blend, however, a 
lover Wf/F, could be obtalned with gasoline because of its greater 
hea thg  value (gasoline = 19,ooO Btu per pomd; blend = 16,060 Btu 
per pound) - 

The range of Mg over which the engine war3 operated was 888en- 

with either fuel at a combustian-chamber-Wet static-pressure level 
of 1385 *lO pounds per q u a r e  foot absolute a t  a somewhat reduced 

mme qb resulted with SeoUlle f o r  p3 = 1385 as fo r  p3 = 1750 
pounds per 6qua3.e foot  absolute - 

c tially t h e  same for  both fuele. Moreover, it vas possible  to burn 

range of equivalence rat ios .  A t  an outlet-area r a t i o  of 0.739, t h e  

Burning was emoth, and t he  combined subsonjc and supersonic 
pressure  recovery over the  entire  operable  range xas 96 fl percent 
with either  fuel. 

The operable w e  with g & S O l i n e  presented in figure  13 is 
somewhat less than previously obtained with the same configuration 
in a duplicate  test  (fig. lo(&)). A possible explanation for this 
difference is an approximate  7-percent greater p i lo t  f u e l  flow fo r  
tihe data of figure lO(a) . An additional cause could be aome phyeical 
change in the engine, which had been operated for approximately 
30 hours between the r m a  at which these two s e t s  of data were 
obtained and had been disassemblsd several times t o  change flame 
holders and fuel  injectors.  



14 

Serrated A" Baffle Flame H o l d e r  

NACA RM E5OGl3 . 

The performance resul ts  with the serrated annular baffle flame 
holder (fig. 8) and the orifice  injector a t  % = 1.35, 1.50, and 
1.73 a r e  summrieed in figure 14. In order to operate the angipe 
a t  f/a = 0.0512 and. 0.0546 with an outlet-area ratio of 0.739 
(%=l . 35), a fael-Injection radius of 5 -94 inches wae required. 
A l l  other data were obtained at an injection radius of 5 -36 inches. 

Engine operation with this burner canfiguraticn was possible e over a narrow f/a range. merefore, III ~ i e v  of the limited 
performance attainable with t h i s  configuration, the reaults obtained 
a r e  discussed only b r i e f u .  The trend previously  indicated of the 
general rib level decreasing as MO was raised is also demon- 
s t r a t e d  with this burner. Variatim i n  p3 is not considered 
aufficient t o  came this  reduction. The burner v&e operated over 
a range of M3 from 0.143 to 0.189 iith the maximum 'lb = 19 per- 
cent O C C W r f X l g  at % = 0.161- Because O f  redUC0d qb and hi&= 
inlet -a i r  temperatures, the T values at = 1.73 a r e  belaw 
those obtained a t  the two lower mch nllpibers. AB a result, the 
highest Cp (0.61) occurred a t  '% = 1.50, and t he  low Wf/Fn 
of 3.4 attained a t  % =I 1.73 could also be attained a t  % = 1.35. 

Little scat ter  was obtained in the over-all diffuser pressure- 
recovery d a t a  and,- genera.l,the combustion efficiencies and diffuser 
preseure recoveries are comparable t o  values  obtained with the rake- 
type flame holder. A n  exception is  t h e  pressure recovery at 
% = 1.73, which mt3 approximtely 3 percent less than the values 
obtained w i t h  t h e  rake flante holder. The esrgine m a  operating near 
blow-out when these data were taken, and 5iLe-b shock oscilLatian 
was evident. Hot only is such a condition usubally accompanied  by 
reduced pres8me r e c o v e  (referance 6 ) ,  but the accurate deter- 
mination of a fluctuating preeaure with ordinary ins t rumen~t ion  i6 
queetlmable. 

D i f  m e r  Perfcmmxe 

Representative ahadowgraph pictures of the air flow about the 
di f fwer  W e t  for a l l  three free-stream lkch numbers a r e  given in 
figure 15. These and all other data which follow were obtained 
using the rake-type flame holder. A t  each MO a typical   photopph 
ier ahown for  cold flow, burning, and pulsing cmrditions. 



From these photograph, the different tis projections required 
at the three bkch numbers for interception by the lip of t h e  oblique 
shock generated by the spike are clearly evident.' Baamuch as the 
engine-inlet diameter was 9 lnches and t h e  free-jet  discbazge diam- 
eter  O d J  12 inches, the P w  shock p e s m t  during aubm3tical 
operation often extended to the boun-g of the free jet. The 
intersectLon of the normal shock and the free-jet boundary is Fndf- 
cated on the photographs 8 8  a U t e  Une. For the outlet areae 
investigated the  burning cmditims usually created a level of back 
pressure that resulted in subcritical flow at the diffuser inlet- 
Little data were'therefore obtained at desi- or sqercrittcal f l o w  
conditions. 

The illustratians showing shock pnlsaticsns (fig. 15) are repre- 
sentative of t he  -mum oacillatian encountered a t  each With 
the typ of diffuser eqployd on this -, the total-pressure 
recovery in t he  subcritical flow range dfd not vary greatly from the 
vslue attained at deeign conditions. Under pulaing,the shock move- 
ment waa usually restricted to the  subcritical region, and the pres- 
erne reowery m a  not serfously reduced. In general, a more notice- 
able effect on pressure recovery was encountered a t  the higher h c h  
numbers and at the s e a t e r  oacTllatian amplitudes. 

- The photograph of ahock oscillaticxn  at % = 1.35 (fig. =(a)) 

-6 obtained near rfch blow-out. At % = 1.50 t h e  photographs for 
both erpooth and pulsing operation were obtained. at the 883118 fuel-air 
ratio. The cause of t h e  transition f r o m  smooth operation to an oscil- 
lating normal shock ie not known; however, the 1.5-percmt drqp in 
d m u s e r  t o ~ - p r e e s u r e  recovery was not  sufficient t o .  noticeably 
affect engine perfarrpance. At % = 1.35 and 1.5 t he  amplitude of 
t h e  shock  movemsnt was very small and it wa8 difficult to determine 
frequencies f r o m  instantaaeous pressure records. Where measurements 
could be made, the frequencg y&8 of the order of 45 cycles  per second- 

+ 

At % = 1.73 (fig. s(~)) the mzum normal ahock  movement 
encountered appears to be fram a position just ahead of the m e t  l i p  
to near the midpoint of the exposed portion of the spfke, a distance 
of approximtely 2 inchea. At this condition, the frequency was 
46 cycles per second, and because the ergosure time far the  picture 
was greater than the time required fo r  a complete cycle, the travel 
of t h e  normal shock is evident. The ertansian of the oblique shock 
through the normal shock Indicates that the hock pattern changed - through approximately m e  Full cycle during the time of exposure. 
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The operational data correegonding to the shadowgraph pictures 
under burning operation ahown in figure 15 are  included in figure 10. 

Several frames from a hfgh-epeed mtian picture of a single 
cycle t;ypical of the shock puleations  resulting a t  = 1.73 (same 

colqpleted in 33 framee, but the sequeplce can be ahown jut 8.8 well 
by every fourth frame. Although the cycle frequency m e  regular 
(46 cycle8 per second) the high-epeed motion pictures indicate that 
the amplitude varied somewhr%t from cycle to cycle. 

COnditiOZlS I38 f i g .   1 5 ( ~ ) )  m e  8h- ia figure 16- The Cycle wLt8 

This amplitude  variation 18 fWthm verified by 8 simulteseoue 
record of the variation in the inseantaneow e t a t i c  preeeure a t  the  
diffuser outlet (fig.  17). The fundmmntal frequency of adjacent 
cgcles is canstant, but the amplitude varies considerably. The zero 
or  mean pressure was dieplaced from the center line of the grid; in 
general, the variation i n  pressure was symmetrical about the mean. 
The mximum variation in pressure for the trace shown i e  f7.8 per- 
cent of the m e a n  pressure. Excellent agreement w&s obtained betwean 
the frequenciee determined f r o m  the.hi#-speed motion pictures and 
those determined from the inetantaneous pressure trace. 

The combined eubeonfc am3 supersonic diffueer total-pressure 
recoveries for cold flow and for  burning conditione are presented 
in figure 18. The cold-flow recoveries at % = 1.35 and 1.73 
m e  sumwized  in figure 18(a) . The norm1 ehock uae at i t e  design 
poaitian, the lip of the diffueer, for M3 = 0.24 at = 1.35 
culd M3 = 0.185 at % = 1.73. Apparently a t  = 1.35, the 
slight increaee in 8UbSoniC-diffW0r losses in the range of oaolbustion- 
chamber-inlet Wch numbers where t h e  nomnal shock apprcaohed the lip 
was of sufficient ma& tude to cause a ~ ~ l l a l l  general decUne in the 

however, the characterietic peak in preseure recovery .was observed 
at  the deuign M3. The highest cold recovery a t  = 1.35 and 
M3 = 0.142 'was 98.4 percent, whereae at the design M3 the recloyery 
y&s 96 percent. At = 1.73 the peak recovery wa8 89.1 percent 
and occurred a t  t h e  design M3. Bo appreciable shock pulsations were 
observed for the cold data presented. 

OVer-aU. preS8We recovery W i t h  ~ C r 8 a S 8 8  in M3 At % = 1 73, 

The curves drawn through the cold-flow  pree~lure-recovery ibsta w 

are included in figure IS@), in which the pre~laure recmeriee 
obtained under burning conditiane are presented. In general, close 
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agreement was obtalned between the cold and hot f l o w  cdi t io l l l s ,  the 
scatter in  the hot data being  approximately *l percent. As previously 
indicated in  t h e  dfscussion of figure 11, the recovery at  design and 
under subcritical  operating  conditions was abwe n o m 1  shock but 
less than t he  theoretical  recovery at all three free-stream Mach 
numbers. 

subcritical  operation could be obtained at % = 1.35 
under burning conditione. It is not clear f r o m  the data in f ig-  
ure 18(b) whether the design M3 u&8 approached at % = 1.5. 
Shadowgraph pictures indicated., however, that at M3 abme approx- 
imately 0.195 t he  flow was supercritical. 

When compared t o  t h e  curve established under cold-flow  condi- 
tfons, only two polnts are defFnitely supercrit ical  a t  % = 1.73 . 
p l i s  is confirmed by the variation in s t a t i c  pressures on the spike 
(fig. 19). The four c m e a  in figure are for these two super- 
critical points, for the c r i t i c a l  condition, and for the camlition 
of figure l5(c) &ere f/& = 0.072 (M3=0.144). A l l  four of these 
points are plotted in figure 18. The n o m 1  shock for the condition 
&own in figure 15 (c)  occurs a t  approximately t h e  midpoint of the 
e m s e d  portion of the spike. A sudden change in s t a t i c  pressure such 
as experienced acro88 a nortml shock also occurred at this point. 
For the two points indicated as supercrfti-1 (those having M3 of 
0.198 and 0.200), the sudden rise in statfc  pressure occurred wfthln  
the inlet, whereas at  the cr i t ica l  cmditim (M3=O.l85) the a ta t ic -  
pressure riere occurred at the l i p .  It therefore appears that the 
s t a t i c  pressure an the spike may be reliably mqloyed a8 an indi- 
caticm of the Ilormal shock poeitian. 

Performance at Off-Design Spike Location 

The combined subsonic and supersonic diffuser pressure recovery 
at = 1.5 under cdld-flow  conditions is presented in figure 20 
for the an-design spike position and two off-desiga spike positions. 
The off-desigu spike positions cbosen are those that would be on- 
design at % = 1.73 and  1.35. The absolute values of pressure 
recovery presented in figure 20 are 2 to 3 percent low because, due 
t o  limited air-dryer capacity, these data were obtained with 803118 

codenaatign in t h e  fiee-3et nozzle (air temperature = UOO; dew- 
point = 34 F), and the total-pressure loss due ' to  conden8atian fn 
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the nozzle is included in the values for  diffuser  pressure  recovery. 
Inasmuch as the air temperature and dew point remained constant, ." 
however, the total-pressure loss acroes  a condenlsatian  shock occurring 

ure X) may be considered valid.  

to 

in  the nOZZle WOUld be CoI1St&zlt, and t he  trends indiCated in f ig -  I+ 
Fi 

Three shadowgraph pictures  &re shown f o r  each spike  positIan 
and their  location on the pressure-recovery curve are indicated. 
The photographs correspond, t o  8ubcritical, peak recovery, and super- 
critical operation and indicate the resulting  inlet-ahouk  etructure. 
A t  the proper spike position for the  free-jet Mch number a t  which 
these data were taken (%=1.50), a characteriatic  pressure-recovery 
curve was obtained with a peak a t  the condition st which the normal 
shock entered the engine (M3=0. 207 1. 

qalues as great a8 the peak deeiga  recovery and over a much 
wider  range of burner W e t  mch numbers (0.165 - 0.195) resulted 
f o r  the % = 1.73 spike tlp projectim. 

W i t h  the spike  retracted beyond I t s  design  poeitlon  (spike 
located for +1.35), eseent la l ly  normal shook recovery was obtained 
over the  entire range of M3 investigated. On the basis of pressure 
recovery  alone and excluding  drag  consideratiom,  the  diffuser of a 
ram Jet required t o  f l y  oyer a range of flight Mach numbers should 
be designed for  t h e  m&xLmum Mo. From a net-propulsive-f  orce con- 
sideration, however, diffuser drag must also be evaluated before a 
final desi@ is selected. 

The results of a free-jet  investigation for a 16-inch ram j e t  
at Mach numbers of 1.35, 1.50, and 1.73 a r e  eamrrmrized aiB follows: 

1. Excellent agreement wae obtained between the'combined eub- 
sonic and supersonic diffuser total-pressure  recoveries for cold 
flow and burning mmditlons. Over a range of combustion-chamber- 
W e t  Mach numbers from 0.17 t o  0.20, the eubsmfc diffuser total- 
pressure recovery was approximately 99 percent. A t  all three Mch 
numbers, the supersonic diffuser recovery uas above n o m 1  shock 
recovery  but below the theoretical recovery f o r  a single oblique ehock 
diffuser wfth no internal  contraction. 
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2. When the diffuser wae operated with a t ip  projection Wch 
U, C&USed the Oblique shock to f a n  ahead Of the diffuser lip, pY?eS8W8 

recoveries a s  hign as that result ing from operatim a t  the design 
P t i2   p ro jec t im were obtained. The high recoveries extended mer 
Y a vide range of combuatitm-chaniber-inle%,&bch nunibers. 
oa 

3. The shock puleatione  encountered at the conditione of this 
investigation had no serious  effect on dfffnser t.0tal-pre8sure 
recovery  or m@ne operation. The frequency uas of the order of 
46 cycles per secand, elwars occurred in the subcrit ical  regicm of 
flow, and was of smll amplitude. Close agreement =E obtained 
between tke frequencfes obtained from hi&-speed motion pictures 
of the shadowgraph and recorda of the i na"kneous  s t a t i c  pressure 
at the cmbustim-chamber inlet. 

4. A t  free-stream Mch nmbers of 1.35 and 1.50, the beet engine 
performance w a ~  not obtained at the largest  nozzle-outlet area inves- 
ti@ted. For a Mach number of 1.73, best engine perf ormnce uas 
obtained a t  the largest outlet-area ratio  inveetigated (0.739) from 

fuel casmt icxa .  Maximum d - 8  of i&FU8t coefficient were 0.61, 
0.64, and 0.67 for Mach numbers of 1.35, 1.50, and 1.73, respec- 
tively. The corresponding value8 of thrust specific fuel con- 

of thrust. 

the SwdpOintS O f  both net thrust coeff ic imt  anh thrust SpeCiffC 

- sumption were 4-1, 4.3, and 3.7 pounds of fuel per hour per pound 

- 5 Burner performance and consequently engine performance were 
influenced by the radial  position of the fuel injector. The lean 
blow-out limits could often be extended by dmnging the r a d i a l  
position of the fuel fnjector. Tha optimum fuel-injector radius 
varied with fhrne-holder deeign. 

6 Better performnce was obtained w t t h  a rake f a  holder 
(fig. 7 )  than with a serrated annular baffle flame holder (fig. 8 ) .  
The operable range of f u e l a i r  r a t i o  was narrow wlth the serrated 
annular baffle and operation a t  the largest outlet-area m t i o  was 
not possible a t  M.ch-numbers of 1.5 and 1.73. 

7. At low combustion-chamber-inlet. s t a t i c  pressures, some 
improvement in engine performance x a ~  obtafned by using a 50-percent 

alone. A t  other cmdftions, however, there was l i t t l e  advantage 
, Sn u s i n g  the bland. Although combmtian efficiencies were  higher 

blmd by V O l U m e  Of prOpyl0ne &de m d  g & S d i I l 8  k8-d O f  gasoline 
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with the blend, the heating value v&s 80 much lower that the  thrust 
epecific fuel consumptian was greater than with  solin ne. C C ; ,  

IC rn 
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p&ure 5. - Orifice fuel injector. - 
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(b) Free-atream WLah number, Mo. 1.60; oombuaticw-ahamber-inltt r t a t l o  preamure. p3, 1620 to 
1670 p m d a  per square foot  absolute^ cmbuatlcn~h8mbec-inlet a t a t i o  tenperatura, t3, 
n o o  *loo F; altltude, 35,000 reet. 

Figure 10. - Cmtinued. Perfornmce of le-inch ram-jet with rake rlme holder and ori f ice  f u e l  injmator 
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.030 -040 . 050 " 0  
Fuel-air ratio. f/a 

(a) Sprag nozzle injector. 

Figure 12. - Effect or fuel injeotor on 16-inoh ram-jet  oombuation-chamber perfo-ae. 
Froe-atrbaa Yaah number Yo, 1.35; fuel, 50 peraent propylene a i d s  and 50 percent ' 

gnaolinc; amburtion-ahamber-inlet  rtatls  temperature, 100' *loo F. 
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( b )  Orifice lnjeator .  

F igure  12. - Conaluded. Blrcot of  fue l   injeator  on 16-lnah-rea-jet   conbustlon-chder par- 
rofmanoe. Ree-stream Yaah number 160, 1.35; fuel, 60 percent  propylene Olclddc m d  50 per- 
oent gaaollne; cdustion-ahamber-inlet  a t a t l a  temperature, 1C@z Uo F. 
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Equlvelenoa ratio 

( b )  Fuel, 5C+peroant a l x t u r a   b y  vo lma & gaasoline a n d  propylene o x i d e .  

F l r p r e  13. - Conoluded. Effeot O f  fuel on 16-LnOh =-jet u0mbutlon-ohmber paFi0r-e. R a e -  
stream Ysoh number, yb, 1.36; orirlce fuel inject=; combustion-chamber-met atutia tempernture 
CJ. 1W0f 10' F. 
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Ho burning f/a = 0.052 
P3bo = 0.925 

(b) M0 = 1.5; A /A = 0.550. 
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f/a = 0.072 
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( 0 )  Mo = 1.73; A /A = 0.550. 
6 4  " 

C- 26 205 
7 -  14- 50 



. 

.. 



9 

* 

NACA RM E50G19 

25 2Y 
Frame 

53 

9 

17 
Frame 

21 

33 

7 -  t4-  50 





I 4 I 

1 

0 

-1 

Time =T97 
Flgure 17. - Tnatantaneoua s t a t i c  pressure variation at diffuser outlet. (Frequency, 

46 cycles’per aeoond; amplitude, +, 7.8 peroent o f  mean pressure.) 
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I ( 8 )  Cold pressure recovery. I 
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Dlstauce from tip of spike, in. 
Figure 19. - Typlcal ap ikt  static-pressure  diatrlbutlons at free-stream Yach 

number % of 1.73. 
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Figure 20. - Kffeat Of tip  projectfon on diffuser totabpressure r r a o r e r g  at free-atream 
Mach number Yn. 1.60. 

NACA-LPnglw - 10-2-%I - 300 




